Three-dimensional (3D) numerical simulations are carried out to study steady state free convection in a sloping porous enclosure heated from below. The model is based on Darcy's law and the Boussinesq approximation. Two different approaches to solve this problem are compared: primitive variables and vector potential. Although both numerical models lead to equivalent results in terms of the Nusselt number and convective modes, the vector potential model proved to be less mesh-dependent and also a faster algorithm. A parametric study of the problem considering Rayleigh number, slope angle and aspect ratio showed that convective modes with irregular 3D geometries can develop in a wide variety of situations, including horizontal porous enclosure at relatively low Rayleigh numbers. The convective modes that have been described in previous 2D studies (multicellular and single cell) are also present in the 3D case. Nonetheless the results presented here show that the transition between these convective modes follows an irregular 3D geometry characterized by the interaction of transverse and longitudinal coils.
Three-dimensional numerical modelling of free convection in sloping porous enclosures time.
34
Fundamental aspects of this problem are given by the solution of the Rogers-Lapwood problem [1] . The solution to this problem establishes the con- 
Where k, µ, ρ 0 , β, and g are permeability, viscosity, density of reference,
93
thermal expansion coefficient and gravitational constant, respectively. Likewise 94 e = (sin α, 0, cos α) gives account of the components of the gravity in the system.
95
The energy equation is as follows
Where κ is the thermal diffusivity. The condition of incompressibility of the 97 fluid is also invoked:
Dimensionless variables are defined as follows:
Where Ra is the Darcy-Rayleigh number and B the characteristic length.
99
The dimensionless equations are then as follows, energy equation:
The dimensionless momentum equation is as follows:
The domain is given by 0
the aspect ratio. Additionally, a global Nusselt number is defined to quantify the heat transfer through the upper surface z = 1:
Boundary conditions and initial conditions

102
It is assumed that the system rests at mechanical and thermal equilibrium as 
Neumann boundary conditions for this Poisson equation are obtained from .
The normal component of the velocity is zero in this boundary condition.
124
No restriction is required, however, regarding the tangential velocity (further approximation is applied to calculate the pressure gradient.
133
The mathematical problem was discretized using the finite volume numerical 
And owing to the solenoidal property of ψ, it can be simplified as
The components of this equation are the following:
The corresponding boundary conditions are: of the resulting system of algebraic equations.
152
As regards the determination of the steady state, it was defined evaluating 
168
The steady state Nusselt number was more consistent between the two mod-169 els when higher Rayleigh numbers were examined. Table 1 shows that identical 170 results were obtained with both models. However, the evolution towards the 171 steady state was different. As shown in Figure 2 , primitive variables reaches Table 1 : Nusselt number for a cubic porous enclosure considering two mesh sizes. convergence criterion used to define the steady convection of the system.
N u
Mesh elements Ra Primitive variables Vector potential n = 25 3 40 0.999 0.999 41 1.070 1.058 n = 50 3 40 1.000 1.000 41 1.000 1.061 n = 25 3 60 1.773 1.773 120 2.934 2.934 n = 50 3 60 1.
203
As regards the sloping porous enclosure (α = 0), a local maximum can be 204 identified at α = 10 • (Figure 3) , which is absolute for Ra = 80 and higher.
205
Ra=63, !=0º Table 2 , up to 4 cells were observed at higher Rayleigh numbers.
Ra=62, !=0º 
216
This flow regime has been described in previous 2D studies [12] , however, the 217 Ra=70, !=30º 3D modelling presented here shows that the transition to this convective mode 218 occurs for a higher α, due to the complex 3D convective mode that is preceding 
Ra=62, !=0º
Ra=70, !=0º
Ra=100, !=0º 
Ra=50, !=0º
Ra=90, !=0º
Ra=100, !=0º Similarly, three transition angles were identified for D = 10 and Ra = 50:
Ra=50, !=30º (Table 2) .
Ra=100, !=9º
Ra=100, !=11º (Table 2) .
Ra=50, !=10º
Ra=50, !=30º
Ra=50, !=1º (Table 2) .
Ra=50, !=1º
Ra=100, !=1º
Ra=100, !=10º
Ra=100, !=14º 
